An electrochemical route for the decoration of multiwalled carbon nanotubes (MWCNTs) with anisotropic Au nanostructures and the electroanalytical application of decorated MWCNTs are described.
Introduction
Functional metal nanostructures have gained significant interest in various areas of research owing to their unique catalytic and optoelectronic properties. 1 The properties of these nanostructures are largely different from their bulk counterpart, and are believed to originate from the quantum-scale dimension. The unique chemical and physical properties of the metal nanostructures have been extensively exploited for various applications. [1] [2] [3] The catalytic properties of these nanoparticles strongly depend on their shape, size and morphology. 4 It has been shown that anisotropic Au nanoparticles exhibit high electrocatalytic activity compared to that of the conventional spherical-shape nanoparticles. 5, 6 Because the shape and size have great control over the catalytic properties of the metal particles, various methodologies have been used to synthesize anisotropic nanostructures. Traditionally, wet chemical routes involving surfactants, polymer or seeds have been employed [7] [8] [9] to synthesize nanoparticles of various shapes and morphology. The electrochemical routes are interesting, since the metal nanostructures can be directly grown on the electrode surface. [10] [11] [12] [13] [14] Although Au nanoparticles of spherical shape were electrochemically synthesized by various groups, 10, 11 only a handful of papers describe the electrochemical synthesis of anisotropic nano/microstructures on naked electrodes. [13] [14] [15] Carbon nanotubes (CNTs), which are a new class of onedimensional carbon, have received significant interest owing to their unique physical and chemical properties. CNTs have been widely used in the development of biosensors, electrocatalysts for fuel cells, etc. 16, 17 The large electrochemically accessible surface area and high stability of CNTs make them suitable for various electrochemical applications. The decoration of CNTs with anisotropic metallic nanostructure is a promising approach in developing a catalytic interface, optoelectronics, sensing devices, etc., since decorated CNTs are known to exhibit excellent catalytic activity. Nanoscale metal particles on the surface of CNT can, in principle, act as quantum dots, and pave a route for further functionalization of the hybrid entity. 18 CNTs decorated/grafted with anisotropic metal nanoparticles are expected to show enhanced catalytic performance with respect to the conventional spherical nanoparticles and naked CNTs. An electroless chemical route has been commonly used for the decoration of CNTs with metal nanostructures. [18] [19] [20] [21] [22] [23] [24] Although electrochemical and galvanic displacement routes have been used for the decoration of CNTs with metal nanoparticles of spherical and cubical shapes, 18, [25] [26] [27] to the best of our knowledge the decoration of CNTs with flower-like morphology has not been reported. Herein we describe the electrochemical route for the decoration of flower and buds-like Au nanostructures on the walls of CNTs without using any templates or seeds and their applications in the electroanalysis of bioanalytes.
from Sigma-Aldrich (Cat. No. 636487, ≥95% purity), and were purified according to the literature procedure. Uric acid (UA), ascorbic acid (AA), epinephrine (EN) and HAuCl4 (SigmaAldrich) were used without further purification. All other chemicals used in this investigation were of analytical grade, and used as received. A phosphate buffer solution (PBS) of pH 7.2 was used as an electrolyte.
Instruments
Electrochemical measurements were performed with a computer-controlled electrochemical analyzer, CHI643B. MWCNT modified glassy carbon (GC) working, Pt wire auxiliary and Ag/AgCl (3M NaCl) reference electrodes were used in electrochemical measurements. The X-ray diffraction (XRD) profile was obtained with a Phillips X'pert PRO X-ray diffraction unit using Ni-filtered Cu Kα (λ = 1.54 Å) radiation. Field-emission scanning electron microscope (FESEM) images were obtained with a Carl Zeiss Supra 40 field emission scanning electron microscope.
GC electrodes of geometrical surface area 0.07 cm 2 were used as substrates for the decoration of MWCNT. The purified MWCNT (1 mg/mL) was dispersed in DMF and stirred in a magnetic stirrer for 30 min. An aliquot of 10 μL MWCNT dispersion was cast on the cleaned GC electrode and dried at room temperature for 2 h. This MWCNT-modified electrode was washed with water and used in electrochemical experiments. For XRD and FESEM measurements, indium tin oxide (ITO) plates have been used instead of the GC electrode. The electrochemical decoration of MWCNTs was carried out in a 0.1 M H2SO4 solution containing 0.5 mM HAuCl4 and 10 μM KI. The potential of the electrode was stepped from 1.1 to 0 V with a pulse width of 100 s. This electrode was washed well with water and subjected to other experiments. To understand the role of KI, control experiments were carried out. Hereafter, the electrodes decorated with quasi spherical and flower-like nanoparticles will be referred as nAuS and nAuF, respectively. All of the experiments were performed at least 3 times, and reproducible results were obtained. (Fig. 1a) . The Au nanoparticles are distributed throughout the surface of MWCNTs. Sphericalshape nanoparticles with an average size of 60 nm were obtained in the absence of KI (Fig. 1b) . The nanoparticles do not have uniform size, and MWCNTs are covered with aggregated particles. It is interesting to note that a small amount of KI could tune the shape and morphology of the nanoparticles. It is believed that iodide ions play a vital role 28, 29 in controlling the shape and morphology of the nanoparticle. Figure 2 shows the XRD patterns obtained for nAuS and nAuFs on MWCNTs. Four peaks corresponding to (111), (200), (220) and (311) planes were obtained for nAuFs. Only two less-intense peaks corresponding to (111) and (200) were observed for nAuS. The ratio between the intensities of the (200) and (111) planes of nAuF is significantly lower (0.23) than the conventional value (0.52) for Au, suggesting that (111) is the predominant plane. As evidenced from the XRD profile, the presence of iodide ions in the electrodeposition bath favors the growth of Au(111), (220) and (311) facets. The electrochemically accessible surface area of the nanoparticle was estimated from the charge consumed during the reduction of surface oxide. The surface area of nAuS and nAuFs was estimated from the voltammetric profile obtained in an acidic solution using the charge consumed for the reduction of surface oxides. The surface area of nAuS and nAuF were found to be 0.04 and 0.044 cm 2 , respectively. The surface area of nAuF is close to that of nAuS, though its morphology is largely different. It is worth pointing out here that in the voltammetric profile, a 100 mV negative shift in the peak potential for the reduction of surface oxides on nAuF with respect to nAuS was observed (data not shown). Furthermore, a significant positive shift in the anodic peak corresponding to the formation surface oxide has also been observed. The shift in the voltammetric peaks is ascribed to the adsorbed iodide adlayer on the nAuF surface. 30 KI present in the deposition solution regulates the surface morphology, and is adsorbed on the nanoparticle.
Results and Discussion

Electroanalytical applications
Because the nanomaterials exhibit high catalytic activity, tailoring of the electrode surface with nanosized metal particles is a promising approach in the development of electrochemical sensors. The analytical utility of the MWCNTs decorated with nAuFs has been tested for the electroanalysis of UA, AA and EN. The oxidation of these analytes on unmodified GC and polycrystalline Au electrodes occurs at more positive potentials, and the voltammetric response depends on the history of the electrode surface. A gradual shift in the peak potential and a decrease in the peak current in the subsequent sweeps were noticed, suggesting that these electrodes cannot be used for the electroanalysis of bioanalytes. However, a significant negative shift (30 -230 mV) in the peak potential and an enhancement in the peak current for the oxidation of these analytes were noticed on the nanoparticles modified electrode (Table 1 ). In the case of UA, an ~80 mV negative shift with respect to the GC and MWCNT modified GC electrode was observed. On the other hand, a ~230 mV negative shift was noticed for AA. As can be seen from Table 1 , the oxidation current obtained for the bioanalytes on the nAuF electrode is 5 -12 times higher than that of the unmodified electrodes. A remarkable enhancement in the oxidation current was obtained in the cases of UA and EN. The enhancement in the oxidation current is not due to increase in the surface area. The current density (μA/cm 2 ) obtained on the nanoparticle-modified electrodes is significantly higher than that of the unmodified electrodes (Table 1) . It is evident from Table 1 that the nanoparticles on the electrode surface facilitate electron transfer for the oxidation of bioanalytes. The negative shift in the peak potential (for AA and EN) is more significant in the case of the nAuF electrode. For instance, the peak potential for the oxidation of EN on nAuF electrode is 40 mV less negative than that of the nAuS electrode (Table 1) . These results indicate that the morphology of the nanoparticle has control in the oxidation of the analytes. Because nAuF has a predominant (111) plane, it favors oxidation at a less-negative potential. To further evaluate the catalytic activity of nAuFs, the voltammetric current has been normalized with the surface area of the nanoparticle. It was found that the current density for the oxidation of the analytes on the nAuF electrode is 1.4 -2 times higher than that obtained on the nAuS electrode, indicating that nAuFs have high catalytic activity.
Simultaneous electroanalysis
The simultaneous electroanalysis of AA, UA and EN is a challenging task, since the oxidation of these analytes on conventional electrodes occurs almost at the same potential. AA is a major interferent in the voltammetric sensing of UA and neurotransmitters. Unmodified electrodes display a single voltammetric peak at 0.32 V for the three analytes in their coexistence, whereas the MWCNT-modified electrode shows two voltammetric peaks at 0.194 and 0.32 V (Fig. 3c) . However, the nAuS and nAuF electrodes show three distinct peaks for the analytes (Figs. 3e and 3d) . On the nAuF electrode, the voltammetric peaks appear at -0.005, 0.32 and 0.2 V for AA, UA and EN, respectively.
The separation between the voltammetric peaks is large enough to measure the concentration of these analyte simultaneously, or independently without any interference. The voltammetric peak of UA is separated by 325 mV from AA and 125 mV from EN, thus demonstrating that the sensing of UA without any interference from AA is possible. As shown in Fig. 4 , a gradual increase in the voltammetric peaks for a wide range of concentration was observed while increasing the concentration. The sensitivity of the nAuF electrode towards AA, UA and EN was obtained from calibration plots, and were 0.047, 0.13 and 0.17 μA/μM, respectively. The peaks for the oxidation of AA, UA and EN on nAuF electrode are 20 -40 mV less positive than that on the nAuS electrode, suggesting that the flower-like morphology facilitates the oxidation of bioanalytes. The sensitivity of the electrode towards UA and EN is significantly higher than that of AA. AA strongly interferes with the voltammetric sensing of UA and neurotransmitters, because its concentration is significantly high in physiological samples. The nAuF electrode could detect bioanalytes in their coexistence without any interference at the micromolar level. The voltammetric response of the nAuF electrode towards these analytes is very stable. The peak position and the peak current do not change in the subsequent sweeps, indicating that the electrode does not undergo deactivation by the adsorption of oxidation products. The nAuF electrode shows better performance with respect to Ragupthy et al. observed the oxidation of AA on a CNT-Au nanoparticle silicate network based electrode at a potential of 0.23 V. 31 Yogeswaran et al. studied the oxidation of biomolecules on a CNT based electrode. 32 The peak potential for the oxidation of these bioanalytes on this electrode was significantly more positive than that of our electrode.
Conclusions
A simple approach for the electrochemical decoration of MWCNTs with flower and buds-like Au nanostructures has been developed without using seeds, surfactants or polymers, etc. Electrochemical routes can be conveniently used to decorate CNTs with metal nanostructures of various shapes and morphology. MWCNTs decorated with nAuF display excellent electrocatalytic activity. The electrocatalytic effect of nAuF is significantly higher than that of spherical nanoparticles. Because the nAuF electrode is highly sensitive towards UA and EN, and the voltammetric peaks are well separated from the voltammetric signal of AA, the sensing of UA/EN without any interference is possible. Unlike the electroless approach, this electrochemical route does not require long time, and the electrochemically decorated CNT interface can be immediately used for electroanalytical studies. This electrode can be used to study the morphology-dependent electrochemical properties of various analytes.
